Preparation of Chloroplasts. Chloroplasts were isolated from leaves of spinach (Spinacia oleracea L., var. Virginia Blight Resistant) grown in a growth chamber at 21 C with a 10-hr day (2100 ft-c) and 16 C night. The light-dark cycle in the chamber was adjusted so that the plants received about 30 min of illumination before chloroplast isolation. Chloroplasts were prepared essentially as described by Jensen (12) with some modifications. The rinsed leaves, about 10 g after deribbing, were chopped gently at 4 C with razor blades in 45 ml of a grinding medium containing 330 mm sorbitol, 50 mm MES, 2 mM Na2EDTA, 1 mM MgCI2, I mm MnCI2, 0.5 mm K2HPO, (entire solution adjusted with NaOH to pH 6.5 at 4 C) plus 5 mm freshly prepared isoascorbate. The slurry was squeezed through two layers of Miracloth and centrifuged for 50 sec at 2000g. The chloroplast pellet was resuspended and stored in the dark at 4 C in the sorbitol-salt solution described above except that 50 mm HEPES (pH 6.7) replaced MES and the isoascorbate concentration was reduced to 2.5 mm. Chl was determined by the method of Arnon (1), and the chloroplast preparations contained 110 to 650 ,ug Chl/ml.
Zelitch (21) has reported that potassium glycidate (2,3-epoxypropionate) irreversibly inhibits the synthesis of glycolate in illuminated tobacco (Nicotiana tabacum L.) leaf disks. Under conditions where glycolate formation and photorespiration (measured by the light-dark 14C assay) were inhibited by 40 to 509%Y, net photosynthetic 14CO2 uptake was similarly increased.
It was concluded that glycidate is a specific and irreversible inhibitor of glycolate formation during photosynthesis in tobacco leaf disks. More recently, Zelitch (23) has extended these findings by determining the effect of this epoxide on the activity of Ru-P22 carboxylase. These studies have shown that the in vitro activity of Ru-P2 carboxylase extracted from glycidatetreated leaf tissue is not altered, nor is there any effect of the compound on the 02 inhibition of carboxylase activity. Additionally, [1-14C]glycidate was shown not to associate specifically with Ru-P2 carboxylase in vivo. Based on these two lines of experimentation, Zelitch has reasoned that a large portion of the biosynthetic pathway for glycolate synthesis must occur by reactions other than the proposed Ru-P2 oxygenase mechanism (23) .
Although there is considerable controversy over the mechanism of glycolate formation during photosynthesis, there is little doubt that glycolate biosynthesis occurs in the chloroplast (5, 9, 19, 22) . Since the plastid has a limited capacity for metabolizing glycolate (3, 13, 18) , this metabolite may be regarded as an end product of chloroplast photosynthetic carbon metabolism. Therefore the isolated plastid provides a convenient and relatively simple system for studying glycolate formation during photosynthesis. This paper describes the effects of sodium glycidate on photosynthetic glycolate formation and 14CO2 fixation in isolated spinach chloroplasts.
MATERIALS AND METHODS Glycidate Synthesis. Sodium glycidate hemihydrate (C3H3-O3NA-1/2H2O) was synthesized from redistilled glycidaldehyde (Aldrich Chemical Co.) and recrystallized following Procedure A of Payne and Van Ess (15) . The nuclear magnetic resonance and IR absorption spectra of the recrystallized salt were consistent with the above structure. Stock solutions of glycidate were prepared in 33 mm HEPES (pH 7.8) just before use.
Preparation of Chloroplasts. Chloroplasts were isolated from leaves of spinach (Spinacia oleracea L., var. Virginia Blight Resistant) grown in a growth chamber at 21 C with a 10-hr day (2100 ft-c) and 16 C night. The light-dark cycle in the chamber was adjusted so that the plants received about 30 min of illumination before chloroplast isolation. Chloroplasts were prepared essentially as described by Jensen (12) with some modifications. The rinsed leaves, about 10 g after deribbing, were chopped gently at 4 C with razor blades in 45 ml of a grinding medium containing 330 mm sorbitol, 50 mm MES, 2 mM Na2EDTA, 1 mM MgCI2, I mm MnCI2, 0.5 mm K2HPO, (entire solution adjusted with NaOH to pH 6.5 at 4 C) plus 5 mm freshly prepared isoascorbate. The slurry was squeezed through two layers of Miracloth and centrifuged for 50 sec at 2000g. The chloroplast pellet was resuspended and stored in the dark at 4 C in the sorbitol-salt solution described above except that 50 mm HEPES (pH 6.7) replaced MES and the isoascorbate concentration was reduced to 2.5 mm. Chl was determined by the method of Arnon (1), and the chloroplast preparations contained 110 to 650 ,ug Chl/ml.
Photosynthetic "C02 Assimilation. Photosynthetic CO2 fixation by the isolated chloroplasts was determined by H'4CO3-incorporation at 25 C and 3700 ft-c (74 nanoeinsteins/cm2 sec, 400-700 nm) under various He/02 atmospheres. Unless noted otherwise, the reaction vessels contained chloroplasts (5-32 tig of Chl), resuspension medium adjusted to pH 7.8, 5 mm freshly prepared Na4P207, +3 mm glycidate, and 1 mm NaH 4CO3 (2) (3) (4) Ci/mole) in a final volume of I ml. Vessels containing all the reaction medium components except chloroplasts and "4C-bicar-determined by liquid scintillation spectroscopy. All was essentially saturated at 3 mm, with half-maximal stimulation occurring at less than 0.5 mm (Fig. 2) . These results are consistent with the leaf disk studies of Zelitch (21) min.
Final reaction volumes were I ml and these contained 13.0 jig of Chl.
21% 02
1 mM NaH 14C03
GLYCIDATE AND CHLOROPLAST PHOTOSYNTHESIS
From the results presented in Figure 1 , it appears that glycidate and 02 interact to stimulate photosynthesis in the isolated chloroplast. The glycidate effect at 21%02 was essentially abolished in the absence of 02 and greatly enhanced at elevated 02. It is well documented that 02 reversibly inhibits photosynthetic CO2 assimilation and 02 evolution in a variety of plant systems, including intact leaves, algae, leaf cells, and isolated chloroplasts (5, 9, 19) . Although the mechanism of the inhibition of photosynthesis by 02 iS presently a controversial topic, there is little doubt that the site of 02 interaction is the photosynthetic carbon reduction cycle (4, 7, 8) . It may well be that glycidate stimulated the linear rates of chloroplast CO2 fixation in the presence of 02 by relieving the 02 inhibition of photosynthesis. The results presented in Table I , obtained from experiments with the same plastid preparation, indicate that the epoxide partially relieves the Warburg effect in the isolated chloroplast. Since 02 has been shown to inhibit reversibly Ru-P2 carboxylase activity (5) , a direct effect of glycidate on the carboxylase reaction was examined using the crystalline tobacco enzyme (6) . Under the standard assay conditions (6), a 10-min preincubation of the enzyme with 3 mm glycidate and I mM NaH14CO3 had no effect on either the rate or the 02 sensitivity of the carboxylase reaction (data not shown).
As discussed in the introductory remarks, Zelitch has attributed the glycidate stimulation of net photosynthesis in tobacco leaf disks to an irreversible inhibition of glycolate formation and thus decreased photorespiration (21, 23) . Oxygen inhibition of photosynthesis consists of two components, (a) a direct inhibition of photosynthesis by 02, and (b) and 02-stimulated formation of glycolate and the subsequent photorespiratory oxidation of glycolate in part to CO2 (5) . Since, in the isolated chloroplast, glycidate reduced the total 02 inhibition of photosynthesis (Table I), it was possible that the epoxide stimulated CO2 fixation in the presence of 02 by decreasing one or both components of the Warburg effect. Direct measurement of glycolate formation during photosynthesis in the isolated chloroplast indicated that glycidate actually stimulated the rate of glycolate biosynthesis (Table II) . The increased rate of glycolate formation in the presence of the epoxide appeared to be a function of the enhanced overall photosynthetic activity of the chloroplasts in that the ratio of glycolate formation to 14CO2 fixation remained constant, as did the percentage of total fixed carbon entering the glycolate pool (Table II) . If, indeed, glycidate did stimulate photosynthesis by inhibiting glycolate formation in the chloroplast, one would expect a marked decline in the rate of glycolate synthesis, the percentage of total fixed carbon entering glycolate, and the ratio of glycolate produced to total CO2 assimilated, as has been reported by Robinson and Gibbs (16) for high levels of CO2. The lack of a differential effect of glycidate on photosynthesis and glycolate formation in the isolated chloro- A general trend noted during this chloroplast study was that the magnitude of the glycidate stimulation of photosynthesis appeared to be correlated inversely with the photosynthetic activity of the plastid preparation. In our initial chloroplast experiments the linear rates of "4CO2 photoassimilation were considerably lower than those reported in this paper and these relatively low rates were greatly enhanced by glycidate addition, irrespective of the 02 tension. For example, during our preliminary studies the rate of "4CO2 fixation at 0% 02 was about 7 ,umoles/mg Chl-hr and this activity was stimulated 70 to 80% in the presence of the epoxide (compare with data in Fig.  I and Tables I and III) . However, even in these initial experiments, glycidate had no effect on the percentage of 14C incorporated into glycolate at 21% 02-It was thus reasoned that the apparent interaction between 02 and the glycidate stimulation of photosynthesis noted in Figure I and Table I 17 ). An exception to the general case of inhibition relief by the epoxide was the inhibition of photosynthetic CO2 fixation brought about by DCMU (Table III) . These results are similar to those obtained with certain carbon cycle intermediates (ribose 5-P, fructose 1,6-bisphosphate) which also partially restore CO2 photoassimilation inhibited by uncouplers (17) , chemical inhibitors of the carbon reduction cycle (17) , or 02 (7, 16) but not by inhibitors of photosynthetic electron transport (17) . Whereas at least part of the stimulatory effect of the photosynthetic carbon reduction cycle intermediates is due to the direct introduction of carbon into the cycle (7, 16, 17) Final ethyl alcohol concentration in reaction medium was 0.5%
(v/v).
CONCLUSIONS
The mechanism by which glycidate stimulates photosynthesis in isolated chloroplasts is obscure. From the data presented in this paper, it appears that the glycidate stimulation of CO2 photoassimilation is not site specific, but rather related to the ability of the plastid to carry out photosynthesis. The glycidate enhancement of photosynthesis in the presence of 02 cannot be ascribed to an inhibition of glycolate formation, a specific interaction with the Warburg effect, or a direct effect on the Ru-P2 carboxylase reaction. In marked contrast to Zelitch's leaf disk study (21) , glycidate actually stimulated the rate of glycolate formation in the isolated chloroplast as a result of the enhanced overall photosynthetic activity. The reason for this discrepancy between the leaf disk and chloroplast data is not evident, although several possible explanations can be put forward. First, the two-stage assay for glycolate formation employed in the leaf disk study requires that the nonspecific inhibitor of glycolate oxidase, a-hydroxy-2-pyridinemethanesulfonate, be present to block the subsequent metabolism of glycolate by the photorespiratory pathway (21) . Second, it is possible that glycidate is converted to an unknown compound outside the plastid and it is this compound which is the true inhibitor of glycolate formation in the chloroplast. Alternatively, the epoxide may inhibit an undefined extra-chloroplastic pathway of glycolate biosynthesis. However, concentrations of glycidate up to 20 mm failed to reduce the CO2 compensation point of excised cotton leaves.
